A sounding rocket was launched in January 1988 to locate heat sources which may cause the anomalous elevation of the E-region electron temperature over Kagoshima, Japan. Fluctuations of the electron density and the electric field were measured using a fixed-biased Langmuir probe (PWN) and a pair of double probes (AEF) respectively, placed onboard the rocket. The PWN measured an abrupt decrease in DC current and an increase in AC current (5-160 Hz component) at the altitude of 94-130 km along the rocket's ascending path. The AEF also measured an increase in AC electric field (5-160 Hz component) in the same altitude. Comparative analysis of the PWN and AEF data reveals that the potential of the rocket dropped a few volts accompanied by low-frequency fluctuations in that altitude range. An other research group of the same rocket measured an elevated electron temperature in the same altitude range. Coincident occurrence of these phenomena suggests common cause. The suprathermal electrons are considered to be a promising candidate.
Introduction
The abnormally high temperature of electrons in the E-region, initially discovered by OYAMA and HIRA0 (1979) , is one of the most interesting phenomena resulting from rocket experiments in Japan. This phenomenon has been frequently observed by using their electron temperature probe (TEL).
According to their research, this phenomenon usually occurred winter mornings at about 11:00 JST (OYAMA and HIRA0,1979) . As the focus of the Sq current passes over Kagoshima Space Center at the same time, they suspect these two occurrences are closely related. They also observed a considerable amount of suprathermal electrons within the region of elevated electron temperature whose energy spectrum has many humps within a few eV (OYAMA et al., 1983) . Based on this, they proposed the possibility of electron energization by excited neutral gases such as O, O2, and N2 (OYAMA and HIRA0,1985) . Humps in the electron energy distribution can trigger plasma instabilities, which generate plasma waves (BASU et al.,1982) . These waves can in turn heat the ionospheric plasma, including the electrons, even in a collisiondominated region (ST-MAURICE et al., 1981) . Therefore, measuring both the plasma irregularities and electron temperature will help to clarify the heating mechanism of electrons in the E-region. Low-frequency plasma irregularities in the E-region have so far been observed by the authors, and others (Moil et al., 1978; WATANABE et al ., 1990) . Our result obtained by a K-9M-62 rocket experiment seemed to suggest some relation with the electron heating phenomena. In order to confirm this relationship, more precise knowledge regarding the irregularities was required. For this purpose, we installed two kinds of probes on an S-310-18 rocket to measure the irregularities of the electron density and electric field . Measurements were successfully made during the flight . The data showed large depression of the rocket's potential together with enhanced low-frequency fluctuations of the electron density and electric field from 94 km to 130 km of the ascending path . An abnormal increase in the electron temperature was also measured in the same height range by the electron temperature probe onboard the rocket by OYAMA et al . (1990) . We investigated the generation mechanism of these phenomena by comparative analysis of these data . This paper presents the results.
Instrumentations
The left part of Fig. 1 is a side view of the rocket showing the arrangement of the probes . A spherical fixed-biased Langumuir probe (PWN) , 50 mm in diameter, is placed on top of the rocket to measure the electron density fluctuations . A pair of spherical probes (AEF) , 40 mmi n diameter and their separation being 240 cm from tip to tip , are extended perpendicular to the rocket's spin axis to measure the electric field fluctuations . Probes and antennas installed by other groups are also shown in the figure . TEL is a dish probe to measure the electron temperature. COL-W and COL-W (LOOP) are a pair of cylindrical antennas and a loop antenna to measure the electric field , and the magnetic field, respectively. NEL is a cylindrical antenna to measure the electron density . The right part of Fig. 1 is an orientation diagram of coincidently with the electron density measured by the impedance probe (NEL) onboard the rocket (WATANABE, 1990) , as shown in Fig. 4 . Above this height, however, the probe current unexpectedly decreased in spite of a monotonous increase of the electron density. This strongly suggests that the rocket's potential considerably dropped above 94 km, making the probe potential lower than the space plasma potential. The current continued to be depressed up to about 130 km, then gradually recovered. Figure 
Analysis and Discussion
In this section, we will first try to clarify these remarkable phenomena by comparative analysis of the data obtained by the onboard instruments . A discussion on the generation mechanism of these phenomena will follow.
Depression of the rocket's potential
The PWN probe was constantly biased at +2.75 V, as described in Section 2 . Therefore, if a method existed to estimate the probe potential from the measured probe current , the rocket's potential could also be estimated. In general, the probe current depends on the density and temperature of the surrounding plasma, and on the probe potential relative to the space plasma potential. Measured values of the electron density and temperature are available. Thus, the probe potential can be estimated if current-voltage characteristics of the probe can be properly assumed.
Generally, the potential drop around a probe is concentrated in a finite layer surrounding a probe named a sheath. If the thickness of the sheath is much smaller than the probe radius , most particles entering the sheath can hit the probe. In this case , the probe current will be strongly controlled by the sheath thickness. In the opposite case of a thick sheath , not all particles entering the sheath will hit the probe because of the orbital motions. In the limit of a thick sheath, the probe current will be simply estimated by the orbital theory , that is, the probe collects the charged particles which can reach the surface by orbital motion in a central force field of the probe due to the lows of conservation of energy and angular momentum . The problem of sheath formation around a probe in such flowing plasma as our case is very difficult to deal analytically. It is generally said that the order of thickness of a sheath is several times as much as the Debye length. In the E region, the Debye length is estimated to be around 1 cm . Thus, the thickness of the sheath is supposed to be comparable to the probe radius and the 
where,
Here, V, I, M, m, Ne, Te, rp, and yr stand for probe potential, probe current, mean ion mass, electron mass, electron density, electron temperature, probe radius, and rocket's velocity, respectively. The other symbols represent their standard units (CHEN, 1965) . Substituting M= 30 for simplicity, and substituting the measured values for I, Ne, Te and yr into the above equations, the probe potential is calculated. It is seen from Fig. 3 that the probe DC current (PWN-DC) is largely modulated with a spin period. Thus, we draw an envelope connecting neighboring peaks of the current and use it for probe current I. The calculated result is shown in the left panel of Fig. 6 . The scale of rocket's potential at the upper horizontal axis is made by shifting the probe bias voltage of 2.75 V negatively from the scale of probe potential at the lower horizontal axis. According to these calculations, the rocket's potential begins to drop at about 94 km, becomes minimum at about 96.4 km, recovers a little at about 98 km, again drops sharply at about 101 km, and becomes another minimum at about 104 km, then recovers gradually with increasing height. Total amplitude of the potential depression is estimated to be 2-3 V. If we could revise the Eq. (2) by considering the sheath effect, the ion current would be corrected to give smaller value, resulting the potential depression much deeper. The generation mechanism of this remarkable event is considered in the following.
A rocket's potential represents the condition where the sum of the electron and the ion current flowing into its conductive surface equals zero. In the case of S-310-18 rocket, the rocket body and a lower part of onboard instruments exposed on top of the rocket is coated with non-conductive paint. Thus, the conductive surface is mainly the shaded part shown in the left panel of Fig. 1 . As the shape of the surface is complicated, it is impossible to obtain the current- 
where, S; and Se are the effective areas of the rocket for ion and electron collection , respectively. If the rocket rests in the surrounding plasma, S; and Se should be equal. Actually, the rocket flies with much higher velocity than the ion thermal velocity . As the conductive part has very complicated shape, we will approximate it by a truncated cone with 10 cm in upper diameter, 14 cm in lower diameter, and 35 cm in height and try to estimate S; and Se roughly as follows. S; will be approximately the cross section of the conductive part of rocket's body perpendicular to the rocket's velocity vector, because the rocket seems to move fast through the cold ions. When the rocket flies in the E-region, its axis is almost parallel with the velocity vector (4° at 100 km in height). Thus, Si will be at most the area of bottom cross section of the conductive part, which is 154 cm2.On the other hand, the electron thermal velocity is much larger than the rocket velocity. As ions flow almost parallel with the rocket axis, ion wake effect may be small. Thus, Se will be estimated to be the area of side surface of the conductive part , which is 1321 cm2. Then, the ratio of Si and Se is at most 0.12. Due to the estimation, we will use Si/Se = 0.1 in the following calculations. Equation (3) also shows that the rocket's potential depends on the electron temperature. According to the TEL measurement (OYAMA et al ., 1990) , the electron temperature abruptly increased about 400 K around about 94 km . This is shown in the right panel of Fig. 6 . Comparing the calculated result of the rocket's potential (left panel) with the electron temperature (right panel), they seem to change correspondingly with height as shown by the broken lines connecting these panels. However, the calculated potential depression of the rocket's body by Eq. (3) for the increase of the electron temperature from 200 K to 800 K, and measured value for Vr, and assuming M= 30 and Si/Se = 0.1 is only 0.35 V.
Calculations by changing the left part of Eq. (3) to S;vr as a thin sheath limit also give the same result. This is considerably smaller than the predicted result from the probe potential depression calculated by Eqs. (1) and (2) shown in the left panel of Fig. 6 . Thus, it may be concluded that the amount of the potential depression cannot be explained solely by the electron temperature increase. At the previous rocket experiment, OYAMA and HIRAO (1985) , observed suprathermal electrons composed of an enhanced high-energy tail of thermal electrons within the region of abnormally elevated electron temperature. The maximum fraction of the suprathermal electrons reached 17%. If these electrons are associated with the abnormal elevation of the electron temperature as Oyama et al. assert, they may have existed at the time of our measurement. Thus, it is reasonable to consider the possibility that these suprathermal electrons decreased the rocket's potential.
In the paper published by OYAMA and HIRAO (1985) , Fig. 7 shows the probe's second harmonic current versus potential. Here, the energy distribution of the suprathermal electrons has many humps. They assert that these humps are generated by the interaction of the thermal electrons with excited neutral gases such as 0, 02, N2. From the average gradient of an envelope of these humps relative to the probe potential, an effective temperature of the order of 10,000-20,000 K could be defined for the suprathermal electrons. Then, the electrons including suprathermal electrons are approximated as the composition of background thermal electrons with density Nei and temperature Tel, and of suprathermal electrons with density Nee and effective temperature Tee. We can estimate the effect of the suprathermal electrons on the rocket's potential by making Iof Eq. (2) equal to zero after modifying the electron current term Ie (second term of the right part) to the following equation, Fig. 7 rocket is most suspicious for an obstacle. Actually, it seems from the figure that the current becomes minimum when the TEL points forward the velocity vector. For the latter case (right part of the figure) when the angle was 15-16°, the antennas extending from the side of the rocket body might become more effective obstacles. From the figure, the current still has a small minimum at the TEL direction, but has a deeper minimum at the opposite direction. A loop antenna of the COL-W seems to be a possible candidate for the new minimum. However, more quantitative analysis will be necessary before coming to a definite conclusion.
Low frequency fluctuations
As described in Section 3, both the PWN and AEF probes observed intense low-frequency fluctuations above approximately 94 km in the ascending path. It is seen from Fig. 3 that the amplitude of the PWN-LF current and the PWN-DC current changes similarly above 94 km height. This is because the current collection sensitivity of the PWN probe for both DC and AC current changes simultaneously depending on the probe average potential as mentioned in Subsection 4.1. Thus, the amplitude of the PWN-LF current is largely modified by the probe potential and does not reflect the amplitude of the electron density fluctuations correctly. On the other hand, a pair of double probes are kept floating potential regardless of the variation of rocket's potential. Therefore, the amplitude of the AEF-LF voltage seems to reflect the amplitude of the electric field fluctuations correctly. It is seen from the lower panel of Fig. 3 that the amplitude of the AEF-LF signal has a sharp maximum at around 96 km and a gentle second maximum at around 104 km. These heights are consistent with those of the rocket's potential minimum estimated in Subsection 4.1 (see the left panel of Fig. 6 ). This suggests that the low-frequency fluctuations are closely associated with the depression of the rocket's potential. In order to clarify this generation mechanism, comparative analysis of the data is performed in the following.
The upper panel of Fig. 9 shows the waveforms of PWN-LF and AEF-LF for a period of 0.6 s around 100 km, as an example. The lower panel depicts a Lissajous pattern of the same AEF-LF and PWN-LF signals, which shows the time variation of their phase relation. The waveforms are remarkably similar and the phase relations remain almost constant . These features are maintained the rocket's spin period (1.02 s). The comparative analysis is made for all of the PWN-LF and AEF-LF waveforms from 94 km to 130 km, and the similar result is obtained. Therefore, all fluctuations in this height region are believed to be occurred by the same generation mechanism. We will consider the generation mechanism by the data shown in Fig. 9 . As these fluctuations have electron density components as well as electric field components, it is reasonable to suspect that they are waves of an electrostatic wave mode. If we neglect the geomagnetic field effect for simplicity, the electrostatic waves in the considered frequency range should be ion acoustic waves and hold the following linearized Boltzmann's relation between the amplitude of the density fluctuation component Nl and that of the electric field fluctuation component E = E,
Abnormal Depression of a Rocket's Potential Accompanied by where, N0 is the density of the background plasma and A is the wave length. Comparing the amplitude of PWN-LF plotted in Fig. 9 (upper) with that of PWN-DC at the same height, N11N0 is estimated to be a few percent. On the other hand, the A value is roughly estimated to be from several ten to several hundred meters by dividing the rocket's velocity by the frequency of the fluctuations, considering that this velocity is much faster than the phase velocity of the waves. Substituting these values into Eq. (5), the amplitude of the electric field is estimated to be from several ten to several hundred tVlm. As seen from Fig. 9 (upper) , the amplitude of the AEF-LF is actually of this order. Therefore, the amplitude relation seems to support the prediction that the fluctuations are ion acoustic waves. Before reaching a definite conclusion, it is important to also examine their phase relation. The AEF measures the electric field by using a pair of probes rotating around the axis within the rocket's spin period. Thus, if the AEF measures the electric field component of natural ion acoustic waves which propagate to a definite direction, the phase difference of the waveforms between AEF-LF and PWN-LF should change by 180° every half a spin period. However, phases of both waveforms coincide with each other for more than half a spin period and there is no such a phase reversal as shown in Fig. 9 (lower). From these considerations, we may conclude that the fluctuations measured by these probes are not natural electrostatic waves but rather disturbances possibly generated by the rocket. In Subsection 4.1, we stated that the potential of the rocket's body was possibly depressed by suprathermal electrons. According to OYAMA et al. (1983) , flux of the suprathermal electrons fluctuated substantially. This may lead to the possibility that the rocket's potential also fluctuated due to the fluctuating suprathermal electrons. If this is the case, the potential of the PWN prove will fluctuate relative to the space plasma potential to result the probe current into fluctuations. The AEF probe might detect the induced field of fluctuations of the rocket's potential, although the detailed mechanism of the detection is unknown. Another possibility might be that the rocket induced some plasma instability to produce plasma waves when its potential was depressed. In this case, however, it is difficult to explain the fixed-phase relation between the PWN and AEF signals, unless the wave sources rotate with the AEF probes.
Conclusion
A fixed-biased probe (PWN) and a pair of double probes (AEF) placed onboard an 5-310-18 rocket measured the large depression of the rocket's potential and the remarkable lowfrequency fluctuations of the electron density and electric field at about 94-130 km in altitude. Analysis of the PWN data shows that the potential depression amounts to 2-3 V. Comparative analysis of the PWN and AEF data and theoretical estimation show that even a few % suprathermal electrons can drop the rocket's potential to the same amount. The analysis also shows that the cause of the low-frequency fluctuations is disturbances generated around the rocket, not natural plasma waves. The coincidental generations of the large potential depression of a rocket's body, the enhancement of low-frequency fluctuations, and the abnormal increase in the electron temperature strongly suggest that they are induced by a common cause. The suprathermal electrons previously observed by Oyama et al. within the region of abnormal electron temperature elevation are considered to be a promising candidate.
